High pressure Raman spectroscopy of bulk 2H-MoTe 2 upto ∼ 29 GPa is shown to reveal two phase transitions (at ∼ 6 and 16.5 GPa), which are analyzed using first-principles density functional theoretical calculations. The transition at 6 GPa is marked by changes in the pressure coefficients of A 1g and E 1 2g Raman mode frequencies as well as in their relative intensity. Our calculations show that this is an isostructural semiconductor to a semimetal transition. The transition at ∼ 16.5 GPa is identified with the changes in linewidths of the Raman modes as well as in the pressure coefficients of their frequencies. Our theoretical analysis clearly shows that the structure remains the same upto 30 GPa. However, the topology of the Fermi-surface evolves as a function of pressure, and abrupt appearance of electron and hole pockets at P ∼ 20 GPa marks a Lifshitz transition. a electronic mail:asood@physics.iisc.ernet.in
I. INTRODUCTION
In recent years the two-dimensional transition metal dichalcogenide (TMD) materials 1 have attracted a lot of attention from the viewpoint of layer-dependent band gap engineering, transistor on-off ratio, high carrier mobilities, effect of spin-orbit interactions, and spinvalleytronic devices. TMDs are promising candidates in opto-electronic applications as they become direct band gap semiconductor [2] [3] [4] [5] [6] [7] [8] in mono-and bi-layer limit 9,10 with a gap in the range of 1.0 to 2.0 eV. Reduced screening of long range Coulomb interactions in the monolayer limit of TMDs results in formation of of neutral (exciton) and charged (positive and negative) bound quasi-particles (trions) 11, 12 even at room temperature.
One of the unique properties of the group VI TMDs is that they can exist in different structural forms with different electronic properties: (i) semiconducting phase (H-phase),
where the metal ions share the coordination with six chalcogen atoms in prismatic con-
figuration; (ii) metallic phase (T-phase) having octahedral coordination, (iii) 1T
′ -phasea distortion of 1T-polytype structure caused by the anisotropic metal-metal bonding, and (iv) a rhombohedral polytype (3R) phase observed in multilayer MoS 2 exhibiting valleydependent photoluminescence 13 and in Ta 1−x Mo x Se 2 showing superconductivity 14 . In recent years, the 1T-phases of MoS 2 has been synthesized by the intercalation of ions 15, 16 to produce the transparent electrodes and energy storage devices. Recent experiments 17 on bulk 1T ′ -MoTe 2 show a large mobility ∼ 4,000 cm 2 V −1 s −1 and magneto-resistance ∼ 16,000 % at 1.8K in a field of 14 T. A proposal has been made to study the Z 2 -topological quantum devices 18 in few layer 1T ′ -MoTe 2 with a bandgap 17 of ∼ 60 meV. Recently, high temperature metastable 3R-phase of MoTe 2 has been observed with the rich Nb doping 19 .
The electronic topological transition 20, 21 or Lifshitz 22 transition occurs when the van Hove singularity associated with the band extrema approaches the Fermi level and passes through it, thereby distributing the carriers and hence changing the Fermi surface topology. The subtle changes in the electronic band topology or Fermi surface topology driven by external parameters, which can be reflected in the anomalies of the measurable quantities, are mostly of two types: (a) the appearance or disappearance of electron and hole pockets and (b) the rupturing of necks connecting Fermi-arcs. In our present work, we observe Lifshitz transition due to (a). Raman spectroscopic studies have been shown to be useful to capture the phonon signatures of the subtle modifications in the Fermi surface topology through the changes in pressure coefficients 23 integrations are sampled on 12x12x3 and 24x24x6 uniform meshes of k-points in determi-nation of total energy and electron-phonon coupling respectively. For bulk 2H-MoTe 2 at zero pressure, we determine electronic structure by including the spin-orbit coupling (SOC) through use of relativistic pseudopotentials using a second variational procedure 39 . Phonon and dynamical matrices at Γ-point (q= (0, 0, 0)) as a function of lattice constant (or pressure) were determined using density functional linear response as implemented in Quantum ESPRESSO(QE) 34 , which employs the Green's function method to avoid explicit use of unoccupied Khon-Sham states. Since DFT typically underestimates the bandgap, we have used HSE functional as implemented in QE to estimate the gaps accurately. The mixing parameter is equal to 0.15 in these calculations. The reciprocal space integration is performed using 108 k-points in each direction for a 6x6x3 uniform mesh.
IV. RESULTS AND DISCUSSION
The structure of 2H- 
Out of these A 2u and E 1u modes are infrared active whereas A 1g , E 1g and E 2g modes are Raman active. . Our first-principles calculations show that this transition is associated with the semiconductor to semi-metal transition (SMT). The change in S across the transition pressure for the out-of-plane A 1g mode (0.9 cm −1 /GPa) is about twice that of the in-plane
We also observe a maximum in the integrated area ratio of the A 1g mode to the E 1 2g mode around 6 GPa (see Fig. 3c ) in agreement with our calculations of Raman tensor, to be discussed. We will now present theoretical calculations to understand the two transitions at 6 GPa and 16.5 GPa observed in the experiments. We find that the structure of 2H-MoTe 2 remains stable upto the highest pressure, but its indirect band gap reduces and VBM shifts to K 1 point (q= (1/14, 1/14, 0), near Γ-point) (see Fig. 4a ). We clearly observe (see Fig. 5b ) that the VBM (at K 1 -point) and the CBM (at K 2 -points) cross the Fermi level at 8 GPa. In addition, the CBM at K-point and VBM at Γ-point also cross Fermi level (see Figs. 4b, 5a and 5c). At 8 GPa, there are very few states at the Fermi level and hence MoTe 2 is semimetallic, in agreement with the previous calculations 43 . At 8 GPa, the indirect band gap with VBM at K 1 and CBM at K 2 (mid point of Γ−K path) as well as at K-point (see Fig. 4b) closes. We note that Rifliková et al 43 have predicted semiconductor to metallic transition in between 10 to 13 GPa. The inclusion of van der Waal's interaction in our calculations perhaps results in reduction of the predicted transition pressure. The transition observed in our experiment at ∼ 6 GPa which is identified as a semiconductor to semimetal transition, is seen to occur at 8 GPa in our calculations. This difference between the observed and calculated transition pressures is partly due to errors in the calculated equilibrium lattice constants. The pressure uncertainties in our experiment and theory are ∼ ± 0.5 GPa and ∼ ± 1 GPa, respectively.
Furthermore, we determine the band gap of MoTe 2 using HSE calculations to estimate the accurate transition pressure of semiconductor to semimetal transition. The HSE based estimates of the band gap at 0 GPa is 1.1 eV, while the gap estimated with LDA is 0.57 eV. shows Raman spectra at P = 16.5 and 29 GPa, where the spectra are laterally shifted to match the frequency and also normalized . Error bars (obtained from the fitting procedure) are also shown.
The black dashed lines mark the phase transitions and the red dashed lines are guide to the eye.
We note that the former is in good agreement with experiment at P = 0 GPa, whereas the latter is an underestimate by 0.4 eV, with respect to the experimental value (1.1 eV) . Thus, the pressure of semiconductor to semimetal transition is expected to be underestimated with LDA calculation. P c obtained with HSE calculation is 12 GPa (see inset of Fig. 5a ).
However, this is expected to be also off-set by the errors in the lattice constants calculated by LDA, and a precise comparison of these results with experiment on this anisotropic material is tricky. The motivation behind our calculations is to understand the nature of transition rather than predicting the precise transition pressure, and the link demonstrated between the Raman anomaly and the electronic transition is physically reasonable.
An increase in the pressure beyond 8 GPa creates new extrema in electronic dispersion with electron pockets (valleys) at K 2 and K points, and hole pockets at Γ and A points (see GPa respectively, leading to formation of hole pockets. Similarly, CBMs at K 2 at 8 GPa and K points at 20 GPa cross Fermi level leading to the formation of electron pockets.
As the hydrostatic pressure does not alter the symmetry of the crystal, energy levels do not split, but those near the Fermi energy change notably giving rise to pressure induced transfer of electrons from one pocket to another in order to maintain the number of carriers.
Interestingly at 20 GPa, the gap at K-point closes (see Fig. 5c ), which within errors of our calculation, corresponds to the second transition experimentally seen at 16.5 GPa. To probe this further, we monitored the evolution of Fermi surface with pressure. At 20 GPa, we visualize Fermi surfaces associated with all the bands which cross Fermi level and find electron pockets at K-point and at K 2 along the path Γ to K (see Fig. 6a , green colour surfaces). In Fig. 6a (red and blue surfaces) , at Γ and A points, we observe hole pockets (see Figs. 4a and d) . We find the Fermi surface associated with the bands at Γ and A points changes significantly at an applied pressure of ∼ 20 GPa (see Figs. 6b-d) . Since, the Fermi surface changes with applied pressure without breaking the structural symmetry, we assign a Lifshitz transition at ∼ 20 GPa.
To investigate the pressure dependent phase transition from 2H to 1T ′ phases of MoTe 2 , we study the changes in enthalpy of these structures, and did not observe any phase transition from 2H to 1T ′ phase. In fact, MoTe 2 in 2H form indicates increased stability with pressure (inset of Fig. 5d ). We investigated the phase transition only between 2H and 1T ′ phase as We determined the effects of hydrostatic pressure on the Raman active modes. A compression of the unit cell leads to hardening of all the three modes A 1g , E 1 2g and E 1g (see Figs. 7a, b and c) . Here, the calculated pressure coefficients for all the Raman modes decrease after the SMT except for A 1g mode, whereas the pressure coefficients for both the modes (A 1g and E 1 2g ) increase (see Fig. 7a and Fig. 3a) in experiments. This increase in the pressure coefficient may be further amplified possibly due to chalcogen vacancies present in the system which can influence its properties notably [45] [46] [47] [48] . While the difference in the magnitude of slopes of A 1g of region I (0-6 GPa) and region II (6-16.5 GPa) in experiment is approximately 1 cm −1 /GPa (Fig. 3a) , it is underestimated in theory to be 0.1 cm −1 /GPa (Fig. 7a) . Similarly, we find difference in magnitudes of the calculated slopes of E 1g and E
2g
from experimental slopes (see Fig. 3 and Fig. 7) . To explain this, we have examined the effects of anharmonic interactions between phonons. We froze A 1g mode atomic displacements by 0.04Å, and determined the changes in E 1 2g frequencies as a function of pressure. We find that the frequencies of E increases with pressure and gets saturated above 20 GPa (refer to Fig. 7d ). This saturation of EPC can be a result of the gap closing at K-point at 20 GPa. In contrast, E 1g and E
modes couple weakly as the matrix element vanishes for the E 1g mode and is non-zero for a few of electronic states (i .e. E 1g ) for the E 1 2g mode. Hence, we do not find any significant change in EPC with pressure for E 1g and E 1 2g modes.
Furthermore, to explain the non-monotonous change with a peak in relative intensity of A 1g and E 1 2g Raman modes (refer to Fig. 3c ) at the semiconductor to semimetal transition (P= 6 GPa), we estimated Raman tensors using first-principles calculations. Raman scattering intensity is proportional to square of Raman tensor and defined as,
where, e i (e s ) is the polarization of incident (scattered) radiation and R is the Raman tensor.
Raman tensor is defined as,
where, Z * iαβ , E tot and χ ∞ αβ are Born effective charges, total energy of the system and dielectric susceptibility (electronic contribution), and E α is the applied electric field along α direction. u iα is displacement of i th atom along α direction, and we use finite difference method to evaluate Raman tensor by freezing A 1g and E We find that R 33 (A 1g ) increases with the pressure (see Table I ), though its value after the gap closing point (∼ 8 GPa) is not quite well-defined (i .e. at P= 12 GPa). The R ij
)) has a large magnitude at P = 4 GPa, and passes through a minimum at P = 8 GPa and then rises again. These elements do not change much above the pressure of the gap closing point. As a result, the relative intensity ratio of A 1g to E 1 2g modes will exhibit a maximum at 8 GPa. Thus, the peak in Fig. 3(c) two different non-hydrostatic conditions of pressure near 8 GPa (σ xx (=σ yy ), σ zz ) = (7, 10) and (10, 7) GPa. From our calculations, it is clear that 2H-MoTe 2 is semimetal at (7, 10) GPa (see Fig. 8a ) whereas it is semiconductor at (10, 7) GPa (see Fig. 8c ). Comparison of electronic structure of states at (8, 8) GPa and (7, 10) GPa reveals that density of states near Fermi energy is higher in the latter (Figs. 8a and b) . On the other hand, we find an opposite behavior at (10, 7) GPa, the density of states near Fermi energy decreases and a small gap opens up. Thus σ zz > σ xx = σ yy favors the transition at lower pressure, while σ zz < σ xx = σ yy pushes the transition to higher pressures. Thus, we conclude that (a) the character of the transition is preserved even when the pressure is non-hydrostatic, and (b) the transition pressure may change by a few GPa.
We perform similar calculations near second transition (P= 20 GPa) at (19, 21 Raman modes carry the signatures of semiconductor to semimetal and the Lifshitz transitions. The occurrence of a maximum in the integrated ratio of the A 1g and E 1 2g modes is mainly due to non-monotonous change in Raman tensor of E 1 2g mode with pressure. We calculated the effect of pressure on Raman active modes, and find that pressure influences the EPC of A 1g most strongly. All the Raman active modes harden with increasing pressure, and electron phonon coupling increases under compression due to changes in the Fermi surface. We hope that our findings will stimulate further study of high pressure and low temperature resistivity experiments to capture the anomalies near the Lifshitz transition.
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